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The discusser performed a large number of experiments on undular hydraulic jumps (CHANSON 1993, 1995a). Most 
results were reported in CHANSON and MONTES (1995) and CHANSON (1995b, 1995c). The discusser wishes to 
stress several aspects of undular jump flows and he will show that the work of REINAUER and HAGER did not bring 
really new information. 
 
Experimental flow conditions 
1- First the writer indicates that he investigated over ninety (90) experimental flow conditions (CHANSON 
1993,1995a) and his analysis (CHANSON and MONTES 1995, CHANSON 1995c) included over one hundred and 
fifty (150) additional experiments performed by other researchers (see CHANSON 1995a for full details). Table 1 
summarises the experimental flow conditions. 
In comparison the authors provided ONLY nine (9) new experimental flow conditions. The discrepancy between this 
very-small number (9) of data and the large number of investigations (well over 200) re-analysed by the discusser 
suggests that the authors' analysis should be considered with great scepticism before generalising their results. 
2- Secondly the discusser wants to emphasise that, for each experiment performed at the University of Queensland 
(CHANSON 1993,1995a), the first wave crest was always located at least 10-metres downstream of the channel intake. 
The upstream flow was uniform equilibrium : i.e., the upstream flow was always fully-developed in terms of BOTH the 
bottom and sidewall boundary layers, and the upstream flow was NEITHER accelerated nor decelerated. The 
experiments of REINAUER and HAGER were performed with partially-developed inflow conditions or fully-
developed decelerating flow conditions. I.e., the upstream flow conditions were not identical to the discusser's 
experimental setup. 
Several researchers (MONTES 1979, RYABENKO 1990, CHANSON 1993, CHANSON 1995a, OHTSU et al. 1995) 
showed clearly that the upstream flow conditions affect strongly the undular jump characteristics. It is therefore 
extremely important to characterise completely the inflow conditions. At the University of Queensland, both the 
pressure and velocity distributions P(y,z) and V(y,z) of the upstream flows were recorded to characterise the upstream 
pressure and velocity field. It is regrettable that the authors did not record the characteristics of the upstream flow field 
for their experiments. 
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As the authors' inflow conditions differ from the discusser's investigations (CHANSON 1993,1995a), their data cannot 
and should be compared exactly with the discusser's work. It is likely, for example, that different flow patterns 
observed by REINAUER and HAGER might result from different upstream flow conditions. 
 
Aspect ratio 
When performing a dimensional analysis of undular jump flow, an aspect ratio can be defined in term of the upstream 
depth or the critical depth. A fundamental characteristic of undular hydraulic jump is the transition from supercritical to 
subcritical flow and the occurrence of critical flow conditions. In absence of critical flow conditions, the undular jump 
flow does not take place. In the discusser's opinion, it is more relevant to define the aspect ratio in term of the critical 
flow depth. At the location where h = hc, a blockage effect induced by the sidewalls exists and it is best described by 
the ratio hc/b. 
The discusser cannot accept the authors' suggestion that the effect of the aspect ratio is small. The discusser performed 
very carefully a large number of experiments which showed explicitly the effects of the aspect ratio hc/b on undular 
flow with identical upstream Froude numbers (and uniform equilibrium upstream flow conditions). Further the study of 
RYABENKO (1990) showed exactly the same effects (e.g., fig. 5, CHANSON and MONTES 1995) in a 1-m wide 
channel (table 1). 
 
Flow patterns 
For all the experiments (over 90) performed at the University of Queensland with uniform equilibrium inflow 
conditions, visual observations indicated five types of undular jumps. These were clearly defined in CHANSON and 
MONTES (1995) and well illustrated in CHANSON (1995c). 
Figure 1 shows an undular jump Type E observed at large Froude numbers before the disappearance of downstream 
free-surface undulations1. Undular jumps Type E are consistently and repeatedly observed at the University of 
Queensland. It is most likely that the authors did not observe this type because they use different inflow conditions. 
CHANSON and MONTES' (1995) classification of undular hydraulic jumps applies ONLY to undular jump with 
uniform equilibrium inflow conditions in smooth-wall channels. Additional experiments were performed with identical 
upstream flow conditions (i.e. qw, d1, W, equilibrium inflow) but with different sidewall roughness (CHANSON 
1995a). The results provide valuable information on the effects of sidewall roughness on the flow properties 
independently of the other parameters (i.e. Froude number and aspect ratio). In particular the flow patterns differ from 
the smooth-wall channel experiments as defined by CHANSON and MONTES (1995) : e.g., the undular jump type A is 
never observed. 
The discusser believes that the "new" (?) flow classification proposed by the authors cannot be compared with 
CHANSON and MONTES' (1995) analysis. The differences result from different upstream flow conditions. 
 
                                                          
1The disappearance of undular jump is defined as the disappearance of the second and subsequant stationary wave lengths.: i.e., 
when no energy is radiated forward into a train of stationary waves. 
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Free-surface flow characteristics 
Main flow features 
A dominant feature of undular hydraulic jumps is the downstream free-surface undulations. For design purposes and 
practical applications, the wave characteristics can be defined by the wave amplitude ∆h and the wave length. Most 
researchers showed that the wave amplitude is maximum on the channel centreline. On figures 2 and 3, the discusser 
presents the dimensionless wave amplitude and wave length on the centreline for the first wave length. The data of the 
authors are compared with ideal-fluid flow theory of undular surge (ANDERSEN 1978) and with the discusser's data. 
First let us observe the deviation of the authors' data with ideal fluid flow calculations. One would have expected a 
better agreement at low Froude numbers (i.e. close to unity) as discussed by CHANSON and MONTES (1995) and 
OHTSU et al. (1995). 
Secondly let us note the broad scatter of the authors' data on both figures 2 and 3. The largest scatter (and deviations 
from ideal-fluid calculations) is obtained for flow depths ranging from 10-mm to 75-mm. The discusser questions 
clearly the authors' suggestion that scale effects have "not really been addressed up to " their contribution. The authors' 
experimental results show such a large scatter. Further the authors re-analysed only a selected number of CHANSON's 
experiments. On that basis (and for the small selection of experiments) it is impossible to address seriously scale effects 
on their basis. 
On figure 2, the relationship of wave amplitude and upstream Froude number shows a distinctive shape. For Froude 
numbers close to unity, the data follow closely the theoretical solution of the Boussinesq equation : 
∆h/hc ≈ 0.73 * (Fr1 -1). With increasing Froude numbers, the wave amplitude data starts diverging from Boussinesq's 
solution of the motion equation (i.e. without inclusion of the energy dissipation) and reaches a maximum value 
(∆h)max. For large Froude numbers, the wave amplitude decreases with increasing Froude numbers. 
Figure 2 shows distinctly that the divergence between the data and the Boussinesq equation solution, and the upper 
limit of undulation amplitude (∆h)max/hc are related to the ratio hc/b. For CHANSON's (1993,1995a) experiments, the 
maximum wave amplitude (∆h)max and the corresponding upstream Froude number Frm can be correlated by 
(CHANSON 1995a) : 
 
(∆h)max
hc
  =  0.0693 *  
hc
b
-0.894
 (1) 
 Frm  =  1.03 *  
hc
b
-0.242
 (2) 
It is interesting to note that the Froude number Frm is very close to the transition Froude number characterising the 
apparition of a cockscomb roller on the first wave crest. It is believed that the wave breaking mechanism, associated 
with the small roller, contributes to the reduction of the centreline wave amplitude. 
At last both figures 2 and 3 show distinctly the effect of the aspect ratio hc/b on the undulation characteristics. 
Additional information were also recorded and presented in CHANSON (1993,1995a). 
 
Lateral shock waves 
For a large number of experiments (CHANSON 1993,1995a), the shock wave characteristics were recorded. First the 
discusser emphasises that the first intersection of the lateral shock waves was always observed next to the first wave 
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crest and on the channel centreline. Further the analysis of the data indicates that the angle between shock waves and 
sidewalls ranges from 15 to 47 degrees, and increases slightly with increasing upstream Froude numbers. The data (fig. 
4) are best correlated by : 
 β  =  29.14 * Fr10.322 undular jumps types B, C, D and E   (3) 
where β is in degrees. The results (fig. 4, eq. (3)) are in opposition with the classical theory of shock waves in 
supercritical flow which predicts a reduction of the angle with increasing Froude numbers (e.g. ENGELUND and 
MUNCH-PETERSEN 1953, IPPEN and HARLEMAN 1956). IMAI and NAKAGAWA (1992) and OHTSU et al. 
(1995) observed the same trend as the author's results although OHTSU et al. (1995) reported larger shock wave angles 
(fig. 4). 
On figure 4, the authors' data are reported. They do not bring additional new information ! 
 
Notations 
b channel width (m); 
h flow depth (m) measured normal to the channel bottom; 
hc critical flow depth (m); 
Fr1 upstream Froude number; 
Frm Froude number corresponding to the maximum wave amplitude (fig. 1); 
L1 wave length (m) on the channel centreline; 
qw discharge per unit width (m2/s); 
α channel slope; 
β angle between the lateral shock wave and the sidewall at the start of the shock wave; 
∆h wave amplitude (m) on the channel centreline; 
(∆h)max maximum wave amplitude (m) on the channel centreline (fig. 1); 
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Table 1 - Summary of experimental flow conditions (after CHANSON 1995a) 
 
Reference qw h1 Fr1 hc/b U/S Nb of Comments 
 m2/s m   Flow Exp.  
(1) (2) (3) (4) (5) (6) (7) (8) 
ANDERSEN (1978) 0.066 0.067 1.22 -- -- 1 Fig. 1. 
BAKHMETEFF and 
MATZKE (1936) 
0.327 0.135 to 
0.155 
1.75 to 
2.1 
1.45 P/D 3 Fig. 7. b = 0.152 m. 
BINNIE and 
ORKNEY (1955) 
0.069 to 
0.084 
0.064 1.12 to 
1.52 
-- P/D 6 Fig. 4. 
DARCY and BAZIN 
(1865) (a) 
0.052 to 
0.518 
0.063 to 
0.270 
1.04 to 
1.28 
0.0326 to 
0.151 
U/E 9 Series 89. b = 1.99 m. 
α = 0.281 deg. 
 0.154 to 
0.518 
0.123 to 
0.255 
1.14 to 
1.29 
0.0675 to 
0.151 
U/E 5 Series 90. b = 1.99 m. 
α = 0.281 deg. 
 0.320 to 
0.518 
0.186 to 
0.271 
1.07 to 
1.27 
0.1098 to 
0.151 
U/E 9 Series 91. b = 1.99 m. 
α = 0.281 deg. 
 2.92 (?) 0.783 135 0.274 F/D 1 Series 95 No. 1. Pont-
aqueduc de Roquefavour, 
canal de Marseille. b ~ 
2.2 m, α = 0.23 deg. 
 1.69 (?) 0.430 1.91 0.255 F/D 1 Series 95 No. 2. Pont-
aqueduc of Crau, canal of 
Craponne. b = 2.59 m, α 
= 0.69 deg. 
FAWER (1937) 0.02 to 
0.07 
0.02 to 0.08 1.3 to 
1.75 
0.11 to 
0.27 
P/D 5 b = 0.303 m. 
HAGER and 
HUTTER (1984) 
0.0987 0.081 1.37 0.332 P/D 1 b = 0.3 m. α = 0.08 deg. 
IMAI and 
NAKAGAWA 
(1992) 
  1.6 to 2.5  F/D  b = 0.3 m. 
IWASA (1955) -- -- 1.29 to 
4.14 
-- -- 34 Fig. 1, 2 and 3. 
MONTES (1979) -- -- 1.25 to 2 -- P/D 8 Fig. 2. b = 0.2 m. 
OHTSU et al. (1995) 0.025 to 
0.14 
0.02 to 0.1 1 to 3  P/D & 
F/D 
over 
75 
b = 0.2, 0.4, 0.8 m. 
REINAUER and 
HAGER 
0.0168 to 
0.163 
0.02 to 
0.116 
1.29 to 
1.89 
0.06 to 
0.22 
P/D & 
F/D 
9 b = 0.5 m. 
RYABENKO (1990) 0.025 to 
0.38 
0.03 to 0.2 1 to 4.0 0.04 to 
0.25 
F/D & 
P/D 
13 Fig. 3. b = 1m. 
YASUDA et al. 
(1993) 
0.025 to 
0.085 
0.023 to 
0.067 
1.5 to 
2.17 
0.101 to 
0.208 
F/D & 
P/D 
4 Fig. 3 & 4. b = 0.3 to 0.4 
m. Horizontal rectangular 
channel. 
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Table 1 - Summary of experimental flow conditions (after CHANSON 1995a) 
 
Reference qw h1 Fr1 hc/b U/S Nb of Comments 
 m2/s m   Flow Exp.  
(1) (2) (3) (4) (5) (6) (7) (8) 
University of 
Queensland studies 
       
CHANSON (1993)       b = 0.25 m. 
 0.008 0.010 to 
0.017 
1.13 to 
2.6 
0.075 U/E 6 Series HMUP1. 
 0.020 0.016 to 
0.032 
1.14 to 
2.91 
0.137 U/E 18 Series HMUP2. 
 0.028 0.029 to 
0.041 
1.08 to 
1.79 
0.172 U/E 8 Series HC3. 
 0.040 0.027 to 
0.051 
1.11 to 
2.83 
0.219 U/E 19 Series HMUP3. 
 0.042 0.037 to 
0.051 
1.10 to 
1.77 
0.224 U/E 9 Series HC1. 
 0.062 0.061 1.31 0.292 U/E 1 Series HC0. 
 0.08 0.067 to 
0.084 
1.05 to 
1.49 
0.347 U/E 7 Series HC4. 
 0.12 0.091 to 
0.109 
1.07 to 
1.40 
0.454 U/E 6 Series HC2. 
CHANSON (1995a) 
(smooth-walls) 
      b = 0.25 m. Glass bottom 
and sidewalls. 
 0.06 0.0524 to 
0.0674 
1.10 to 
1.60 
0.286 U/E 10 Series TT1 and TT2. 
 0.10 0.0748 to 
0.0956 
1.08 to 
1.56 
0.403 U/E 7 Series WZ1 and WZ3 
CHANSON (1995a) 
(rough-sidewalls) 
0.10 0.086 1.28 0.403 U/E 1 b = 0.248 m. Series WZ3. 
Embossed aluminium 
sidewalls. 
 
Notes : 
(a) :  see also CHANSON (1995a) for a complete summary2; 
h1  flow depth immediately upstream of the hydraulic jump; 
Fr1  upstream Froude number defined as : Fr1  =  qw / g * h1
3 ; 
hc  critical flow depth; 
Nb. of Exp. : number of experiments; 
U/S Flow : upstream flow conditions; 
F/D :  fully developed boundary layer flow (i.e. δ = h1); 
P/D :  partially developed boundary layer flow (i.e. δ/h1 < 1); 
U/E :  uniform equilibrium upstream flow conditions. 
 
                                                          
2The experiments of DARCY and BAZIN were performed between late 1855 and early 1860. The investigations, directed by H.P.G. 
DARCY, included several series of experiments in open channel flows : i.e., uniform flows, velocity distributions and varied flows. 
The study was completed by H. BAZIN and published in 1865. In the present paper, the experiments are referred to as DARCY and 
BAZIN (1865) 'en hommage à' (in homage to) H.P.G. DARCY. BAZIN's analysis. Investigations on wave propagation were 
published in a second part by BAZIN (1865). 
CHANSON, H. (1996). "Non-Breaking Undular Hydraulic Jump - Discussion." Jl of Hyd. Res., IAHR, Vol. 34, No. 2, 
pp. 279-287 (ISSN 0022-1686). 
 
 
Fig. 1 - Undular hydraulic jump Type E (uniform equilibrium inflow conditions) 
(A) Sketch of the jump Type E (after CHANSON and MONTES 1995) 
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(B) Undular jump Type E (after CHANSON 1995c) 
Flow from the right to the left : Fr1 = 2.6, hc/b = 0.138. Note the wide roller on the channel centreline. 
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Fig. 2 - Dimensionless wave amplitude on the centreline (1st wave length) 
Comparison between undular surge theory (ANDERSEN 1978), author' data (-) and CHANSON's data (aspect ratio 
hc/b indicated in legend) 
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Fig. 3 - Dimensionless wave length on the channel centreline (1st wave length) 
Comparison between undular surge theory (ANDERSEN 1978), author' data (-) and CHANSON's data (aspect ratio 
hc/b indicated in legend) 
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Fig. 4 - Angle β of the lateral shock waves with the sidewall at the start of the lateral shock waves 
Comparison between the data of OHTSU et al. (1995), authors' data and CHANSON's data 
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